As it was recently shown that β-tricalcium phosphate (β-TCP), similar to α-TCP, can be mechanically activated by prolonged ball milling, partially amorphized β-TCP is promising for the development of new bone cement formulations. Hence in the present study the hydration of partially amorphized β-TCP with different contents of an amorphous phase (amorphous tricalcium phosphate, ATCP) was investigated by isothermal calorimetry and quantitative X-ray diffraction (XRD) to obtain the hydration enthalpies of β-TCP and ATCP. Measurements were conducted at 23°C, a 0.1 M Na 2 HPO 4 aqueous solution was used as mixing liquid. For the hydration enthalpy of crystalline β-TCP, a value of ΔH R(β-TCP → CDHA) = −23.9 kJ/mol TCP can be calculated from literature data. In this study ΔH R(ATCP → CDHA) = −83 ± 6 kJ/mol TCP was determined from new measurement results for the hydration of amorphized β-TCP to calcium-deficient hydroxyapatite (CDHA). Hence the hydration enthalpy was shown to be increased by a factor of 3.5 due to amorphization. Additionally, the hydration enthalpy of ATCP resulting from amorphization of β-TCP was compared and demonstrated to be not significantly different to that of ATCP resulting from α-TCP amorphization, which was −78 ± 2 kJ/mol TCP . This indicates that amorphization of α-TCP and β-TCP results in an amorphous phase with the same properties.
Introduction
Calcium phosphate cements (CPCs) are medically applied for the filling of bone defects due to their excellent biocompatibility [1] . One common component of CPCs is α-tricalcium phosphate (α-TCP), the high temperature modification of Ca 3 (PO 4 ) 2 [2] . α-TCP shows hydraulic activity and slowly reacts with water under formation of calcium-deficient hydroxyapatite (CDHA) according to Equation (1) [3] . 
In order to accelerate the hydration of crystalline α-TCP to clinically acceptable setting times of some minutes [4] , different approaches were developed. A rather new one is partial amorphization by prolonged ball milling of the α-TCP powder, which results in formation of an X-ray amorphous phase (ATCP) with increased reactivity [5] . Thermodynamic studies were previously performed to determine the hydration enthalpies of α-TCP and ATCP. Values of ΔH R(α-TCP → CDHA) = 106 ± 7 J/g TCP respectively ΔH R(ATCP → CDHA) = 250 ± 7 J/g TCP were obtained, thus the hydration enthalpy was increased by a factor of about 2.4 due to amorphization [6] . Powder composed of the low temperature modification β-TCP in its crystalline state is nearly non-reactive in water. After prolonged ball milling, the hydraulic activity is strongly increased, with the result that the powder can be hydrated to form CDHA [7] . Thermodynamic investigations of β-TCP amorphization were performed by Gbureck et al. [8] . An enthalpy increase of up to 420 kJ/mol was determined for the amorphization of β-TCP. As this value seems rather high compared to the enthalpy increase determined for the amorphization of α-TCP, which is 48 kJ/mol [6] , it should be carefully checked by further studies under application of different methods.
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Hence in the present study the hydration enthalpy for the reaction of ATCP to CDHA in partially amorphized β-TCP and the formation enthalpy of ATCP should be calculated from calorimetry and X-ray diffraction (XRD) data, combined with literature values. The hydration enthalpy of ATCP in partially amorphized β-TCP should further be compared to that of ATCP formed in partially amorphized α-TCP to check if the amorphous phases are identical.
Results

Isothermal calorimetry
The quantitative compositions and Brunauer-Emmett-Teller (BET) surface areas of the powders used for calorimetry investigations are shown in Table 1 . While the ATCP content generally increased with increasing milling time, the BET surface area only slightly increased for milling times up to 3 h. For bTCP_10, the surface area slightly increased again, but this increase was hardly significant. Table 1 : Quantitative phase composition of β-TCP samples with different milling time (determined by G-factor quantification) and BET surface area of the powders; bTCP_0 (standard) was thermally recrystallized at 500°C for 24 h; the phase quantities and BET surface areas are means of three independent measurements, the errors given for them are the corresponding standard deviations.
Sample
Milling All calorimetry curves of the different partially amorphized β-TCP samples exhibited two clearly distinguishable maxima (Figure 1 ). While the first, very sharp one already occurred after about 5 min in all samples, the position of the second maximum slightly varied with varying ATCP content. Although there appeared to be a general trend that the second maximum of samples with higher ATCP content occurred later, no exact systematic correlation of ATCP content and maximum position could be observed. For samples with milling times of 3 h and higher, the height of the second maximum slightly decreased with increasing ATCP content. The broadness of the second maximum clearly increased with increasing ATCP content. The height of the first maximum continuously increased with increasing ATCP content. After the measurement time of 24 h, in all samples no heat flow was detectable any more. The total heat release during hydration strongly increased with increasing ATCP content ( Figure 1 ). 
Calculation of hydration enthalpies and standard enthalpies of formation
Comparison of the quantitative phase composition of the cement pastes after calorimetry with the powder compositions showed that in all samples a small fraction of the crystalline β-TCP reacted ( Table 2) . No residual ATCP was detected in the samples. The diffraction patterns of the set cement pastes ( Figure 2 ) indicated a decrease of β-TCP intensities and a corresponding increase of CDHA intensities with increasing milling time of the powder samples. Table 2 : ΔH R(ATCP → CDHA) calculated for each sample from total heat release and the heat contribution of crystalline β-TCP. The hydration enthalpy of crystalline β-TCP was calculated from literature data ( Table 3) . Values of ΔH R(β-TCP → CDHA) = −23.9 kJ/mol TCP and with respect to the quantity of the reacted β-TCP −77.0 J/g TCP were obtained. Calculation of the hydration enthalpy of ATCP for each sample and determining the average resulted in ΔH R(ATCP → CDHA) = −267 ± 18 J/g TCP and therefore with respect to the formula weight −83 ± 6 kJ/mol TCP ( Table 2) . Accordingly, the enthalpy of formation ΔH f of β-TCP increased from −4121 kJ/mol for crystalline β-TCP up to −4062 ± 10 kJ/mol for ATCP, which corresponds to an increase of 59 ± 10 kJ/mol.
Discussion
Hydration reaction
As the total heat release during hydration strongly increased with increasing ATCP content of the samples and the heat contribution of crystalline β-TCP was rather low, it is evident that the major part of the heat flow results from ATCP hydration. As the initial heat flow distinctly increased with increasing ATCP content, it is plausible to assume that this initial heat flow results from ATCP dissolution. Hence the initial heat contribution was included into the thermodynamic calculations performed.
It should be noted that the measurements were conducted at 23°C, while in clinical application hardening of the cements occurs in a physiological environment at 37°C. Cement hydration is expected to be generally accelerated by increasing the hydration temperature, while the reaction process should principally be the same. This was previously observed for studies with α-TCP [11] .
Thermodynamic data
For the hydration of ATCP in partially amorphized β-TCP to CDHA, a hydration enthalpy of ΔH R(ATCP → CDHA) = −83 ± 6 kJ/mol TCP was obtained. For comparison, the hydration enthalpy for ATCP in the partially amorphized high temperature phase α-TCP was determined as −78 ± 2 kJ/mol TCP [6] . Hence, both values are identical within the error range. Since likewise the diffraction patterns of ATCP could be refined by nearly identical peak phase parameters in both partially amorphized α-TCP and β-TCP (Figure 3) , it is highly probable that the properties of ATCPs are actually identical, and no residuals of the structures of the crystalline educts, neither α-TCP nor β-TCP, remain. The thermodynamic data obtained in this study indicated that the hydration enthalpy of β-TCP was increased from −24 ± 4 kJ/mol TCP to −83 ± 6 kJ/mol TCP , which is an increase by a factor of 3.5. For comparison, the increase for α-TCP was only by a factor of 2.4. Keeping that in mind, it is plausible that a lower amorphous content is formed in β-TCP during the same milling time compared to α-TCP.
During recrystallization of ATPC, the difference in formation enthalpy between the amorphous and the crystalline phase is released. Hence the enthalpy difference between β-TCP and ATCP obtained in this study was compared to the enthalpy release during recrystallization of partially amorphized β-TCP samples in [8] . In [8] , a linear increase of the enthalpy increase with decreasing crystallinity of the β-TCP sample was observed, as in that study the enthalpy increase was obviously not related to the amorphous content, but to the whole partially amorphized sample. No enthalpy increase for ATCP itself was given. A maximum enthalpy increase of 420 kJ/mol was measured for a sample milled for 24 h, which is almost an order of magnitude higher than the value obtained for ATCP in the present study. Taking into account that the sample was not fully transformed into ATCP, the actual enthalpy increase for transformation of β-TCP to ATCP would be even slightly higher.
As the hydration reactions in this study and the recrystallization performed in [8] proceeded at strongly different temperatures, variations in the temperature dependent formation enthalpies of the phases involved might generally result in different enthalpy increases from β-TCP to ATCP obtained at different temperatures. In [8] , recrystallization occurred in the range of 620-1100°C. Nevertheless, for reactions involving only solid phases (which is valid for the transformation of β-TCP to ATCP), the effect of temperature-related differences in the formation enthalpies of the reaction participants on the reaction enthalpy is only small compared to the reaction enthalpies themselves. Deviations of only a few percent are expected [12] . Hence the temperature dependency of formation enthalpies does most likely not completely explain the difference between the results in the present study and in [8] , where the reaction enthalpies would differ nearly by an order of magnitude.
Since the value obtained in the present study is closer to the enthalpies of other phase transitions in the TCP system [8] and that of ATCP resulting from α-TCP amorphization [6] , it is plausible that the present value is actually more valid. The measurements in [8] might have been influenced by other factors, like impurities in the samples. In any case, the value obtained in this study is more valid for low temperature settings.
Materials and methods
Sample fabrication
Crystalline β-TCP was produced by solid state sintering of CaCO 3 (Alfa Aesar, Heysham, United Kingdom) and CaHPO 4 •2H 2 O (Fluka, Buchs, Switzerland). The powders were homogenized in an agate disc mill (RS1, Retsch, Haan, Germany) for 2 × 2 min and calcined in a platinum crucible for 16 h at 1000°C in a chamber furnace Nabertherm 1400 (Nabertherm, Lilienthal, Germany). After calcining, the samples were milled for 2 × 2 min in the agate disc mill. Phase purity of the sintered powder samples was checked by powder XRD at a D5000 diffractometer (Bruker AXS, Karlsruhe, Germany) using the following conditions: Range 10°-60°2θ; step size 0.02°2θ, integration time 3 s; radiation: copper K α ; generator settings: 40 kV, 30 mA. The samples were prepared by front loading method. All samples produced were confirmed to be single phase β-TCP, no other crystalline phases were detected.
The β-TCP powders were then wet milled with a planetary ball mill (PM400, Retsch, Haan, Germany) in an agate grinding jar to obtain partially amorphized samples. Zirconium oxide beads with a diameter of 1.25 mm were used as grinding medium. Ten grams of β-TCP powder were mixed with 175 g of Y:ZrO 2 beads and 10 mL ethanol as lubricant. In order to obtain samples with variable amorphous content, different milling times of 1 h, 2 h, 3 h, 5 h and 10 h were chosen. After the milling procedure, the samples were washed out with ethanol through a metal sieve to separate the ZrO 2 beads, centrifuged at 3500 rpm for 2 h in a centrifuge Megafuge 1.0 (Heraeus Instruments, Hanau, Germany), pipetted and dried at 50°C in a vacuum drying chamber (Binder, Tuttlingen, Germany) to remove residual ethanol. After drying, the agglomerated powders were crushed with an agate mortar and pestle to obtain fine powder samples.
Powder characterization
The phase composition of the powder samples after milling was determined by powder XRD. The measurements were performed at a D8 Advance with DaVinci design (Bruker AXS, Karlsruhe, Germany). The following measurement conditions were applied: Range 10°-60°2θ; step size 0.011°2θ, integration time 0.5 s; radiation: copper K α ; generator settings: 40 kV, 40 mA; divergence slit: 0.3°. The samples were prepared by front loading method, three independent preparations of each sample were measured to check reproducibility.
The amorphous content of the powder samples was determined by Rietveld refinement and subsequent application of the G-factor method. Rietveld quantification was performed with the software TOPAS 4.2 (Bruker AXS, Karlsruhe, Germany). The β-TCP structure ICSD# 97500 [13] was used together with a Chebychev first order background. Refined parameters were the lattice parameters, scale factors, crystallite size and microstrain. The ATCP was fitted by a hkl phase derived from the β-TCP structure, i.e. the space group and the starting values for the lattice parameters were taken from the β-TCP structure. Lattice parameters and crystallite size of the hkl phase were refined in the sample with the highest ATCP content and then fixed for refinement of the other samples. A coupled refinement of the three measurements of each sample was performed, where lattice parameters, crystallite size and microstrain of β-TCP were coupled.
The G-factor method is an external standard method which enables the determination of absolute crystalline phase contents and thus indirect quantification of amorphous content. The G-factor as device specific calibration constant is determined according to Equation (2) [14] .
In this study, a quartzite slice was used as standard material. The Rietveld scale factor S Q , the density ρ Q and the unit-cell volume V Q of the quartzite can be received from Rietveld refinement. The mass attenuation coefficient (MAC) * of quartz (SiO 2 ) was calculated from the MACs of the elements involved, which were taken from the International Tables for Crystallography [15] . The quantity of crystalline quartz in the quartzite, c Q , was obtained by calibration of the quartzite with fully crystalline silicon powder (NIST Si Standard 640d) as primary standard. The quantity c J of any crystalline phase J can then be calculated according to Equation (3). * sample was accordingly calculated from the MACs of the elements involved [15] .
To verify that the G-factor method provides meaningful results for the quantification of β-TCP, a fully crystalline β-TCP sample was produced by thermally treating β-TCP powder at 500°C for 24 h, a method which was previously applied to obtain fully crystalline α-TCP [16] . By this means it should be assured that any ATCP which might have formed during the short milling procedure (2 × 2 min) in the disc mill was recrystallized.
The BET surface area of the samples was measured by Nitrogen adsorption using a Gemini 2360 instrument (Micromeritics, Norcross, USA) in liquid N 2 . Sample surfaces were cleaned at 130°C under He flow for 3 h prior to measurement. Three independently prepared samples were measured once for each powder.
Isothermal calorimetry
Calorimetry measurements of the β-TCP samples with different milling times were performed at a TAM Air isothermal calorimeter (TA Instruments, Newcastle, USA) with integrated thermostat (temperature variance ± 0.02°C). It is equipped with eight twin type channels consisting of a sample and a reference chamber. Measurements were conducted by internal stirring using an InMixEr (Injection and mixing device for internal paste preparation, FAU Erlangen, Mineralogy). Here stirring of the samples is performed directly in the measurement chamber, which avoids influence of the initial heat flow by variations in the room temperature or disturbances due to opening of the measurement chambers. Hence, reliable data can be obtained also for the initial part of hydration. Samples were stirred for 1 min using an external motor with a constant stirring rate of 858 rpm. The temperature of the calorimeter was adjusted at 23°C. Equilibration of the samples prior to measurement was performed directly in the measurement channel. The base line was observed to check when equilibration was completed. Prior to the measurement, the base line was set to zero. A 0.1 M Na 2 HPO 4 solution was used as mixing liquid, the water to cement ratio (w/c) was 1. Three independent measurements of each sample were performed to check reproducibility. Evaluation of the calorimetry measurements was performed by the software Microcal Origin V 9.0G (OriginLab, Northampton, USA). Total heat release was determined by integration of the calorimetry curves.
In order to determine the quantitative phase composition of the cement pastes at the end of the calorimetry measurements, the samples were removed from the crucibles immediately after the measurements and crushed in an agate mortar. The resulting cement pastes were then prepared in an XRD sample holder and covered with Kapton polyimide film (Chemplex Industries, Cat. No. 440, Palm City, USA). The water content of the samples during XRD measurement was determined by drying the samples after measurement in a drying oven at 50°C and determining weight loss.
Quantification of samples a昀ter calorimetry
Quantitative phase composition of the samples after calorimetry measurements was determined by XRD, followed by Rietveld refinement and the G-factor method. For determination of the MAC, the water content of the samples during measurement was taken into account. Measurements were performed at the D8 Advance with the DaVinci design that was also used for the powder measurements, the same parameters were applied.
For the refinement of CDHA, the hydroxyapatite structure ICSD #26204 [17] was applied. The anisotropic crystallinity of CDHA was refined using the approach of Ectors et al. [18] . A triaxial ellipsoid was chosen, as it resulted in the best fits. Due to the hexagonal symmetry of CDHA, rx and ry were set to the same value. rx was oriented parallel to the crystallographic a axis of CDHA, rz parallel to the crystallographic c axis. The background produced by the water content of the samples was modeled by a hkl phase developed by Bergold et al. [19] . The background contribution from the Kapton film was modelled by a peaks phase [19] .
Thermodynamic calculations
Due to the low reaction rate of crystalline β-TCP, determination of the hydration enthalpy of ATCP and β-TCP according to the method described in [6] , i.e. by plotting the total heat release of each sample against its amorphous content and calculating a regression line, was not feasible. No evaluable regression line could be obtained. Hence the hydration enthalpy of crystalline β-TCP to CDHA, ΔH R(β-TCP → CDHA) , was calculated from literature data for the formation enthalpies of the phases involved instead (Table 3 ) [9] , [10] . Combined with the amount of reacted crystalline β-TCP after the measurement, the overall heat contribution of the crystalline β-TCP over the time of reaction could then be determined. By calculating the difference of total heat release and heat contribution of crystalline β-TCP, the overall heat contribution of ATCP was obtained. Combined with the ATCP quantity determined by G-factor quantification, the specific hydration enthalpy of ATCP was calculated for each sample and the average was formed.
